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Preamble 
Environmental pressures often result in discontinuities in the valuation function 
characterized ecosystems abruptly change from one stable state of nature to another one. 
Examples include the eutrophication of lakes, coral reef ecosystems or the Sahel region 
(Scheffer et al., 2001; Scheffer and Carpenter 2003). Often the change from one to 
another stable state of nature is not desired as moving back is either irreversible or 
causes hysteresis1. Scheffer et al. (2001) conclude in their review catastrophic shifts in 
ecosystems require environmental policies that strengthen the resilience of ecosystems. 
The problem of shifts from one stable state of nature to another stable state of nature is 
very familiar to environmental and natural resource economists. In the literature on 
cost-benefit analysis economists try to identify the threshold value for moving from non-
investment, one stable state of nature, to investment another stable state of nature or 
from investment to disinvestment. Investment is understood as implementing a project 
or synonymously a policy in its broadest sense. Examples include the development of a 
nature conservation area for oil drilling or residential purposes, construction of a road 
though a protected area, or investment in nature conservation but also investments in 
SO2 emission reduction and carbon sequestration or regulatory policies such as banning 
the use of certain chemicals or pesticides. 
Important aspects to consider include irreversibility, uncertainty and flexibility on the 
threshold level for implementing the project. External effects can either increase or 
decrease the threshold level from a social perspective. The effect on the threshold level 
depends on whether or not those external effects are reversible or irreversible and 
positive or negative. From a decision makers point of view it will also be important to 
know to what extend benefits and costs occur are at the private or public sector level. 
While a number of models have been developed for economic variables and their impact 
on threshold values, models including ecological variables are less prominent. In this 
contribution merging ecological and economic models of regime shifts will be reviewed. 
First, the standard economic model will be introduced and the properties discussed. This 
is followed by including a standard ecological model illustrating the interrelationship 
between ecological and economic threshold values. One of the most interesting insights 
perhaps is that the size of the ecological threshold values increases the size of the 





Coordinator of  Work Package II.1.c 
 EXIOPOL  project 
 (October 17, 2008) 
 
                                                
1 For a review of the terminology consult the FP6 thresholds project: http://www.thresholds-
eu.org/ 
  1 
Table of contents 
 
Preamble ..................................................................................................................................i 
1 The standard economic model ........................................................................................2 
2 Decision in the presence of irreversible costs................................................................3 
2.1 Decision in the presence of irreversible costs and irreversible benefits ..............4 
2.2 Decision in the Presence of Irreversible Benefits..................................................5 
2.3 The Special Case of Pest-Resistance ......................................................................6 
3 Private and Public Irreversibilities................................................................................8 
4 Discussion......................................................................................................................12 
5 Conclusion .....................................................................................................................12 
List of references...................................................................................................................13 
Annex I: Contributors to the report .....................................................................................16 
 
  2 
1 The standard economic model 
The decision whether or not to implement a project is one subject to uncertainty and 
irreversibility. This has been recognized by economists (Arrow and Fisher, 1974; Henry, 
1974). Uncertainty related to the implementation of a project exists with regard to the 
future benefits of the project as in general future benefits and costs are not known with 
certainty due to several factors including environmental factors such as climate change 
at micro and macro level and future policies and technical change changing relative 
prices of future benefits and costs. 
Irreversible effects of a project include effects on: human health, due to changes in 
emissions; biodiversity; climate change, due to changes in greenhouse gas emissions; 
sunk costs and; administrative costs due to new regulations. 
The effects of irreversibilities on the value of a project, be it an investment by a single 
investor or a project financed by the government, were analyzed in the seminal papers of 
Kenneth Arrow and Anthony Fisher (1974) and Claude Henry (1974). The basic result is 
that if one considers a project with uncertain costs and benefits, irreversible costs and 
the possibility to postpone the investment (flexibility), then the investment should only 
be undertaken immediately if the benefits exceed the costs by a certain amount and not 
if they are equal to or greater than the costs as the standard net-present-value rule 
suggests. The amount by which the benefits have to exceed the costs under uncertainty, 
irreversibility, and flexibility has been called the quasi option value. The quasi option 
value can be explained by the gains from waiting due to the arrival of new information 
over time. The concept of the quasi option value is similar to the real option value. The 
real option value originated from financial economics. In the literature on real option 
valuations, the opportunity to invest is valued in analogy to a call option in financial 
markets. Investors have the right but not the obligation to exercise their investments. 
This right, the option to invest (real option) has a value, which is a result of the option 
owner’s flexibility. Chavas (1994) provided similar results in his application to 
investments in agriculture. Dixit and Pindyck (1994) suggest an application of the real 
option approach not only to investment problems but to all kinds of decision making 
under temporal uncertainty and irreversibility.2 The approach has been applied to a 
number problems, among others, regime shifts of ecosystems (Freeman and Zeitouni, 
2004), climate change policies (Pindyck, 2000) the adoption of soil conservation measures 
(Winter-Nelson and Amegbetto 1998; Shively 2000), wilderness preservation (Conrad 
2000); forest conservation (Rahim et al., 2007), agricultural labor migration (Richards 
and Patterson 1998) and investment in irrigation technology (Carey and Zilberman, 
2002) to name only a few. Applications related to agricultural biotechnology include 
studies  by Kikulwe et al. (2007); Wesseler et al. (2007); Demont et al. (2004), Knudsen 
and Scandizzo (2004) and Morel et al. (2003) and Wesseler (2003). Leitzel and Weisman 
(1999) apply the real option approach to the analysis of government reforms and argue 
that new government policies require investments in the form of training of government 
officials, hiring of additional workers, and purchase of equipment. A part of these costs is 
irreversible and the success of the implemented policy is uncertain, which results under 
flexibility in a positive value of the option to delay the implementation of the policy. 
                                                
2 Nobel laureate Robert C. Merton (1998) provides an overview of the application of the option 
pricing theory outside financial economics. The book by Amram and Kulatilaka (1999) includes 
several case studies of real option pricing. The special issue on irreversibilities of the journal 
Resource and Energy Economics, Volume 22 (2000) includes application in the field of 
environmental and natural resource economics. 
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2 Decision in the presence of irreversible costs 
Consider the effects of irreversibility, uncertainty and flexibility in the context of a 
development project. Consider a decision maker who wants to implement a project. The 
implementation of the project includes sunk costs. The current net-benefit without the 
project is about 1000 units. The net-benefit including the is expected to be   about 1200 
units. The expected incremental net-benefit is 200 units per year received at the end of 
the year. The example will be kept simple by assuming the incremental benefits are 
certain and will remain constant forever. The discount rate is 10%. The value V of 
implementing the project in this case is simply the present value of the infinite 













. For the decision to 
implement the project the sunk costs have to be deducted. The sunk costs I are 1600 
Euros. The net-present-value, NPV, of the  development project is NPV = V –I = 2000 – 
1600 = 400. The NPV is positive and it can be concluded implementing the project is a 
sensible decision. 
 
Introducing risk about the future incremental benefits may change the results. Assume 
the future incremental net-benefits can either be high at 300 units or low at 100 units. 
The decision maker will only know after one year whether or not the the incremental 
benefits will be high or low. Both situations are equally likely and occur with a 
probability of q=1-q=0.5. As by assumption the decision maker is risk neutral, he would 
implement project if the expected present value of the project is positive. The expect 
value, E[V], of the project ignoring the availability of future information is the sum of the 
probability weighted two states of nature: 
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The result is the same as before. Deducting the initial sunk costs of 1600 units results in 
an NPV of 400 as before.  
 












 the value of the project does 
not cover the sunk costs of 1600 units. This would not be a problem if the decision maker 
could easily remove back to the initial state and recover the sunk costs. In this case the 
development project would be reversible.  
 
In almost all cases it would be difficult to fully recover the sunk costs. In the case the 
decision maker is unable to recover a part of the sunk costs the investment costs are 
totally irreversible. This is similar to the effect of hysteresis as mentioned by Scheffer et 
al. (2001). 
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Now, assume the decision maker is flexible and can postpone his decision. In the case the 
incremental benefits increase, the NPV of the development project one year from now is: 
( )1
2









 or in today’s value 0 1 /1.1 1273.NPV NPV= =  In case the 
incremental benefits decrease, the NPV of the development project one year from now is: 
( )1
2









 or in today’s value 0 1 /1.1 545.NPV NPV= = −  In the latter 
case the decision maker would better of not implementing the project.  
 
The decision maker can gain from waiting to implement the project. The gain from 
waiting is the gain from avoiding losses of 545 units in present value. The economic gain 
from waiting can be calculated by comparing the expected 0
IE NPV   of the immediate 
investment with the 0
PE NPV    from waiting one year. The 0
IE NPV    from immediate 
investment is 400 Euro. The 0




















PE NPV   = 636 and is greater than the 0
IE NPV    of 400 units from immediate 
development. In this case it would be worthwhile waiting. The economic gain from 
waiting is the difference between the two, i.e. 236 units. 
 
At this point it is worthwhile noting the importance of the irreversibility effect. It only 
pays to wait when the initial development costs are irreversible. This observation will be 
even more obvious if the incremental net-benefit would be negative in the bad case.  
 
If the initial development costs were not irreversible, immediate development would be 
optimal. Also, it would be optimal to develop immediately, if the decision could not be 
postponed due to other circumstances.  
 
A third important observation is the opportunity costs of waiting. Waiting pays as the 
veil of uncertainty will be removed after one year, but at the same time the benefits at 
the end of year one are foregone. These foregone benefits of expected 200 units are the 
opportunity costs of waiting. 
 
2.1 Decision in the presence of irreversible costs and irreversible benefits 
As there are irreversible costs there might also be irreversible benefits (e.g. Wesseler, 
2009; Pindyck, 2000; Kolstad, 1996; Ulph and Ulph, 1997). These are benefits that will 
continue to be present even if the action that has produced them stops. Consider, for 
example, a one-time irreversible benefit of 500 units from implementing the project. 
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There are other examples that will be discussed in more detail later. The 0
IE NPV    
increases in this case by exactly 500 units and the 0
IE NPV   = 900. The 0
PE NPV    from 




















I PE NPV E NPV   >     and there are no gains from waiting. The irreversible 
benefits reduce the irreversible cost, which results in this case in immediate 
development to be optimal. 
 
Now, consider the case, where the previously assumed irreversible benefits only last for 
ten years. In this case do the benefits matter? The 0
IE NPV    of immediate development 
where the additional last only for ten years provides the following result: 
4. 
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 of immediate development in this case is 707 units, which is higher than 
in the case without (400 units) and less than in the case of irreversible benefits (900 
units).  
 





















PE NPV    from immediate development in this case is 775 units, which is also in 
this case higher than in the case without (636 units) and less than in the case with a 
temporary effect (864 units). We further observe, that the optimal decision will be to 
postpone the development, wait for one year and develop if the incremental benefits 
increase and do not if they decrease. Again, there are positive gains from waiting.  
 
 
2.2 Decision in the Presence of Irreversible Benefits 
Another interesting question related to the irreversible benefits is, whether there are 
gains from waiting if only irreversible benefits and no irreversible costs are present or if 
the net-irreversibility effect is positive. Under a positive net-irreversibility effect there 
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will be no gains from waiting, as there are no losses that can be avoided. The 0
IE NPV    
in the case of irreversible benefits only is  
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and in the case of the postponed development: 
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IE NPV    under this scenario will always be greater than the 0
PE NPV    due to the 
discounting effect and therefore waiting does not provide an economic gain. 
 
The important observations about the irreversible benefits are threefold. First, 
irreversible benefits reduce irreversible costs and this by the order of one. One unit of 
irreversible benefits compensates for one unit of irreversible costs. Second, a decrease in 
irreversible benefits over time, even up to a hundred percent, still has a positive impact 
on the value of the project. Third, a positive irreversibility effect does not provide 
economic gains from waiting. A more detailed exposition on this point can be found in 
Wesseler (2009). 
 
2.3 The Special Case of Pest-Resistance 
An interesting effect to analyze in more detail is the possibility of pest resistance. The 
susceptibility of pests to control agents has been viewed by economists as a non-
renewable resource, and hence the appearance of pest resistance as an irreversibility. 
Biologists and entomologists in particular argue that susceptibility to control agents, 
pesticides in particular, should be viewed as a renewable resource. That is, if pests 
become resistant to a control agent and consequently the use of the control agent stops, 
pest resistance breaks down after a while and pests do become susceptible again. The 
important question within the context of this paper is whether or not an irreversibility 
effect exists. To show that an irreversibility effect does indeed exist consider the 
following hypothetical example for Bt-corn used against damages from the European 
Corn Borer (ECB). The incremental benefits from adopting Bt-corn are assumed to be 
200 at the beginning, period one, and due to price uncertainty increase to either 300 or 
100 after one time period and remain at the level till the end of the fourth period. At the 
end of the fourth period the ECB becomes resistant to Bt-corn and the incremental 
benefits decrease to zero from period five till the end of period seven. At the end of period 
seven, the ECB becomes susceptible again to Bt-corn. To keep the example simple, we 
assume that the incremental benefits increase to 200 Euro until infinity as the ECB will 
also be susceptible till infinity. The example is illustrated in figure 1. The costs of pest 
resistance in present value terms are 1600 Euro. These are extra costs beyond the lost 
incremental benefits of period five, six and seven. 



















Figure 1: Example for appearance and breakdown of ECB resistance to Bt-toxin. 
 
 
The value of Bt-corn from immediate adoption is: 
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The result for a postponed adoption is 
9. ( ) ( )50
2 9











  = ⋅ + ⋅ + ⋅ ≅   
  
∑ ∑ . 
 
The above example illustrates that even though pest resistance can be reversible from a 
biological point of view, from an economic point of view an irreversibility effect may 
exist. 
 
All the examples that have been discussed were constructed in a way that it was always 
optimal from an economic point of view to delay the adoption of transgenic crops. What is 
important to note is that while an irreversibility effect exists, it will not always be 












ECB bt resistant  ECB bt susceptible  
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optimal to postpone the adoption. In cases where the irreversible costs are small or the 
incremental benefits are high, immediate adoption can be optimal.  
 
3 Private and Public Irreversibilities 
In the example we did not differentiate between irreversible benefits and costs. For the 
assessment of benefits and costs of transgenic crops and for the decision whether or not 
to release them, a distinction between private and social benefits and costs of transgenic 
crops has to be made. Private costs and benefits are important for the analysis of the 
adoption potential among farmers. This will provide information about the expected 
aggregated private net-benefits from introduction. In addition, external benefits and 
costs have to be considered. These include, among others, climate change effects, impacts 
on biodiversity and impacts on farmers’ health. Further, the examples of the previous 
chapter illustrate the necessity of a differentiation between reversible and irreversible 
costs and benefits. A two-dimensional matrix (or three-dimensional one, if benefits and 
costs are added as an additional dimension) can be designed considering these 
differentiations for an ex-ante social cost-benefit analysis of transgenic crops as depicted 
in Figure 2. A complete ex-ante analysis of economic benefits and costs of transgenic 
crops should consider all four quadrants of figure 2. 
















Private Reversible Benefits (PRB) 





External Reversible Benefits 
(ERB)  









Private Irreversible Benefits (PIB) 




External Irreversible Benefits 
(EIB) 




Figure 2: The Two Dimensions of an Ex-Ante Social Benefit-Cost Analysis of a Project 
 
As an example we use an ex-ante assessment of herbicide tolerant sugar beets (htSB) in 
Europe as explained in detail in Demont et al. (2004). The decision rule to release htSB 
is formulated as, to release htSB if the net reversible social benefits W, the sum of 
quadrant 1 and quadrant 2 in figure 2, are greater than the net irreversible costs, the 
sum of quadrant 3 and quadrant 4, multiplied by a factor greater than one, the so-called 
hurdle rate η:  
 
10. η⋅−≥ )( RIW . 
 
As the social irreversible costs, I=PIC + EIC, and benefits, R=PIB+EIB, of transgenic 
crops are highly uncertain, instead of identifying the net reversible social benefits W 
required to release transgenic crops in the environment, the maximum tolerable social 
irreversible costs I* under given net social reversible benefits W and social irreversible 
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11. ηWRI +=* . 
 
In Table 1 the results are presented. The estimated hurdle rates are entirely coherent 
with the expectations. We observe a bimodal distribution. Low cost sugar beet producers 
such as France, Belgium, the Netherlands, Germany, Denmark, the UK, and Italy have 
low hurdle rates (1.25-1.82), while high cost areas like Spain, Ireland, Austria, Sweden, 
Greece, and Finland have higher ones (2.10-3.69), requiring higher values of W to justify 
a release of HT sugar beet. 
 
The values of W, R, and I* are presented as annuities of an infinite and continuous 
stream of benefits respectively costs per hectare planted to transgenic sugar beet. W 
ranges from 121 Euro to 354 Euro with an average of 199 Euro per hectare. High cost 
areas generally have high values for W, which can be explained by the EU sugar policy. 
Except a few outliers, estimates for R are low and range from 0.18 Euro to 3.36 Euro 
with an average of 1.59 Euro per hectare. This is due to the fact that we use conservative 
estimates from literature for the average external social cost of pesticide application. The 
maximum tolerable social irreversible costs range from 50 Euro to 212 Euro per hectare, 
i.e. in the range of 27-80% of the annual net private reversible benefits. For the EU as a 
whole this means that it should accept transgenic sugar beets as long as social 
irreversible costs do not exceed 121 Euro per hectare, totalling 103 Mio. Euro per year. 
There is a large divergence between estimates for R and I*. For the EU e.g., I* is 76 
times larger than R. The social irreversible benefits R include impact of pesticide use on 
the environment, biodiversity and climate. As the social irreversible costs I* include the 
same environmental effects, it is hard to believe that they are higher by a factor of 76. 
The total net private reversible benefits forgone, W, if the de facto moratorium is not 
lifted are in the order of 169 Mio. Euro per year. 
 
On the other hand, the social reversible net benefits plus the social irreversible benefits 
are about one Euro per household in the EU only. If households put a value on the 
potential irreversible costs of transgenic crops of one Euro or more, than the ex-ante net 
social benefits of htSB are negative and htSB should not be released. 
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Table 1: Hurdle Rates and Annual Net Private Reversible Benefits (W), Social 
Irreversible Benefits (R), and Maximum Tolerable Social Irreversible Costs (I*) per 
Hectare Transgenic Sugar Beet 
Member State W (/ha) R ( /ha) Hurdle Rate I* 
( /ha) 
Total I* ( ) 
Austria 251 3.36 2.88 91 1,842,164 
Belgium & 
Luxembourg 
168 2.09 1.26 135 5,852,023 
Denmark 178 2.06 1.73 105 2,864,870 
Finland 251 0.74 3.69 69 976,108 
France 179 1.05 1.25 145 24,964,742 
Germany 179 1.57 1.36 134 27,846,376 
Greece 264 7.97b 3.12 93 1,771,502 
Ireland 116 -0.96b 2.29 50 691,951 
Italy 330 2.32 1.82 183 22,682,730 
The Netherlands 121 0.83 1.31 94 4,630,433 
Portugal 354 -0.65b 1.67c 212 615,218 
Spain 252 0.53 2.10 121 7,258,219 
Sweden 150 0.18 3.01 50 1,226,127 
UK 127 1.78 1.76 74 5,135,522 
EU 199 1.59 1.67a 121 102,628,681 
a sugar beet area-weighted average of the individual Member States’ hurdle rates. 
b The extreme estimates for Greece, Ireland and Portugal are probably due to data 
inconsistencies. These countries only cover 4% of total EU sugar beet area, almost not 
affecting the EU average. 
c No data on margins has been found for Portugal. We use the EU area-weighted 
average. 
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4 Discussion 
The simple numerical examples present demonstrate irreversibilities in combination 
with uncertainty and flexibility do have an effect on threshold values for the decision 
whether or not to implement a project immediately. Hysteresis which causes an 
irreversibility effect causes the threshold levels to be higher than otherwise. Ecologists 
have provided a number of examples where drastic changes in ecosystems cause systems 
from one state to another state. Those drastic shifts do occur if certain threshold levels 
will be reached. The regime shift is that drastic the ecosystems will not be able without 
any intervention to move back to the previous state. Often those drastic regime shifts are 
not desired by society. To prevent the drastic shifts Scheffer et al. (2004) call for policies 
strengthening ecosystem resilience as events causing drastic regime shifts are difficult to 
predict and control. The stylized examples presented show allowing for drastic shifts 
causes higher threshold values. From this follows the benefits of preserving the current 
state do increase and hence supports the arguments for investing in ecosystem 
resilience.  
The examples presented have been kept simple for clarity of exposition. A numerous 
number of models do exist modelling the same effects in continuous time continuous 
state frameworks including stochastic regime shifts as mentioned in the introduction. 
The size of the irreversibility effect as a measure of the economic costs of the ecosystem 
regime shifts does depend on the direct irreversible costs but also to what extend they 
can be reversed. The case of pest resistance illustrate that even if an ecosystem regime 
shift could be reversed having a regime shift might not be desirable from an economic 
point of view. 
 
The results of the case study on ht-sugar beets illustrates an application of the 
irreversibility effect for decision making.  
 
5 Conclusion 
In this paper we have shown the multi-dimensional features of the irreversibility effect 
for the ex-ante assessment of social benefits and costs of a project. We have 
demonstrated the irreversibility effect and its effect on threshold levels by using very 
simple examples. They illustrate the differences between irreversible benefits and 
irreversible costs. In addition, the example of pest resistance shows the difference 
between irreversibility at the biological and economic level. While pest resistance can be 
considered reversible from a biological point of view, it may nevertheless result in 
irreversible costs. The different types of irreversibilities are summarised in a two 
dimensional matrix that we propose as a guideline for a complete ex-ante social benefit-
cost-analysis of transgenic crops. An application for the decision to release herbicide 






  13 
 
List of references 
Amram, M. and N. Kulatilaka. 1999. Real Options. Boston, MA: Harvard Business School Press. 
Arrow, K. and Fisher, A. C. (1974). Environmental Preservation, Uncertainty, and Irreversibility. 
Quarterly Journal of Economics 88:312-319. 
Carey, J. M. and D. Zilberman (2002). A Model of Investment under Uncertainty: Modern 
irrigation technology and Emerging Markets in Water. American Journal of Agriculture 
Economics 84 (1):171-183. 
Chavas, J.-P. 1994. Production and Investment Decisions under Sunk Costs and Temporary 
Uncertainty. American Journal of Agriculture Economics 76 (1):114-127. 
Conrad, J. M. 2000. Wilderness: Options to Preserve, Extract, or Develop. Resource and Energy 
Economics 22 (3): 205-219. 
Demont, M., J. Wesseler, E. Tollens (2004): Biodiversity versus transgenic sugar beets – the one 
Euro question. European Review of Agricultural Economics 31(1). 
Dixit, A. (1989). Hysteresis, Import Penetration, and Exchange Rate Pass-Through. The 
Quarterly Journal of Economics 104(2):205-228. 
Dixit, A. and Pindyck, R. S. (1994). Investment under Uncertainty. Princeton: Princeton 
University Press. 
Fisher, A. C. 2000. Investment under Uncertainty and Option Value in Environmental 
Economics. Resource and Energy Economics 22:197-204. 
Freeman, S. and N. Zeitouni. 2003. Optimal Environmental Development under Differing 
Stochastic Regimes. In Wesseler, Justus, Hans-Peter Weikard and Robert Weaver (eds.) 
Risk and Uncertainty in Environmental and Resource Economics. Cheltenham: Edward 
Elgar. 
Gilligan, C. A. 2003. Commentary: Economics of Transgenic Crops and Pest Resistance: An 
Epidemiological Perspective. In: R. Laxminarayan (ed.) Battling Resistance to Antibiotics 
and Pesticides. Washington, D.C.: Resources for the Future, 238-259. 
Henry, C. 1974. Investment Decision under Uncertainty: The Irreversibility Effect. American 
Economic Review 64:1006-1012. 
Kikulwe, Enoch, Justus Wesseler, Jose Falck-Zepda: GM Banana in Uganda: Social Benefits, 
Costs, and Consumer Perceptions. EPTD Discussion Paper 00767. Washington, DC: 
IFPRI. 
Kolstad, C. 1996. Fundamental irreversibilities in stock externalities. Journal of Public 
Economics 60: 221-233. 
Knudsen, O. and P. L. Scandizzo. 2004. Environmental Liability and Research and Development 
in Biotechnology: a Real Options Approach. . In R. D. Evenson and V. Santaniello (eds.): 
The Regulation of Agricultural Biotechnology. Wallingford: CABI. 
Leitzel, J. and E. Weisman. 1999. Investing in Policy Reform. Journal of Institutional and 
Theoretical Economics 155(4): 696–709.  
Merton, R. C. 1998. Application of Option Pricing Theory: Twenty-Five Years Later. American 
Economic Review 88 (3):323-349. 
Morel, B., Farrow, S., Wu, F. and Casman, E. 2003. Pesticide resistance, the precautionary 
principle, and the regulation of Bt Corn: real option and rational option approaches to 
decision-making. In: R. Laxminarayan (ed.) Battling Resistance to Antibiotics and 
Pesticides. Washington, D.C.: Resources for the Future, 184-213. 
Pindyck, R. S. and Daniel Rubinfeld. 1995. Microeconomics. 3rd edition. Englewood Cliffs: 
Prentice-Hall. 
  14 
Pindyck, R. S. 2000. Irreversibilities and the timing of environmental policy. Resource and 
Energy Economics 22:233-259. 
Rahim, A., E. v. Ierland, J. Wesseler. 2007. Economic Incentives for Entry and Exit in Gum 
Arabic Agroforestry System in Sudan. Forest Policy and Economics 10(1-2):36-47. 
Resource and Energy Economics (2000). Volume 22(3). 
Richards, T. J. and P. M. Patterson. 1998. Hysteresis and the Shortage of Agricultural Labour. 
American Journal of Agriculture Economics 80 (4):683-695. 
Scheffer, M. and S. R. Carpenter. 2003. Catastrophic regime shifts in ecosystems: linking theory 
to observation. TRENDS in Ecology and Evolution 18(12) 648-656. 
Scheffer, M., S. R. Carpenter, J. A. Foley, C. Folke, and B. Walker. 2001. Catastrophic shifts in 
ecosystems. Nature 413: 591-593.0 
Shively, G.. 2000. Investing in Soil Conservation when Returns are Uncertain: A Real options 
Approach. Paper presented at the Mini-Symposium New Investment Theory in 
Agricultural Economics – Its Implication for Farm Management, Environmental Policy 
and Development. XXIV International Conference of Agricultural Economists. August 
2000, Berlin, Germany. 
Ulph, A. and D. Ulph. 1997. Global warming, irreversibility and learning. The Economic Journal 
107:636-650. 
Wesseler, J. 2009. The Santaniello Theorem of Irreversible Benefits. AgBioForum (forthcoming) 
Wesseler, J. 2003. Resistance Economics of Transgenic Crops. A Real Option Approach. In: R. 
Laxminarayan (ed.), Battling Resistance to Antibiotics. An Economic Approach. 
Washington, DC: Resources for the Future, 214-237. 
Wesseler, J., S. Scatasta, E. Nillesen. 2007. The Maximum Incremental Social Tolerable 
Irreversible Costs (MISTICs) and other Benefits and Costs of Introducing Transgenic 
Maize in the EU-15. Pedobiologia 51(3):261-269. 
Winter-Nelson, A. and K. Amegbeto. 1998. Option Values to Conservation and Agricultural Price 
Policy: Application to Terrace Construction in Kenya. American Journal of Agriculture 
Economics 80 (2):409-418. 
 
 
  xv 
  Annex I: Contributors to the report 
 16 
Annex I: Contributors to the report 
This report is the result of discussions between all partners in the EXIOPOL 
consortium. It has been edited by Justus Wesseler. The different chapters were 
written by the following persons: 
 
Chapter 1: Justus Wesseler, Wageningen University
  Annex I: Contributors to the report 
 17 
 
